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TECHNICAL RESPONSE
OPTIONS

Increased Increased DemandDemand for Energy for Energy

Non-Hydrocarbon
Fuels

Hydrocarbon
Fuels

Increased
Efficiency

Improved
Implementation

Economics / Politics

Reference: Kaya, Y. Costs, Impacts and Benefits of CO2 Mitigation (1993) Intl. Inst. Appl. Sys. Anal.
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Non-Hydrocarbon Fuels
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All Sources of CO2

Reference: Carbon Dioxide Emissions by Economic Sector 2005, EarthTrends Data Tables: Climate and Atmosphere and
International Energy Agency (IEA).
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China Industrial Point Sources of CO2

Reference: Assessing Market Opportunities for CO2 Capture and Storage (CCS) in China, Battelle, 2005.
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North America Industrial
Point Sources of CO2

Reference: CO2 Point Source Emission Estimation Methodologies Summary, U.S. DOE National Energy Technology Laboratory, 2007.
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Hydrocarbon Fuels
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CO2 Capture Chemistry

Adsorption Absorption Reaction
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Clay

Polymer
Membranes
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Hydroxides
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Mixed
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Physical Chemical
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Aqueous
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HydroxidePolar Organic Solvent

Carbonate / Bicarbonate
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Attacking O=C= O

Bicarbonate Facilitators

Carbamate Facilitators
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Benefit of CA
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Carbonic Anhydrases
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Reaction Mechanisms
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Mass Transfer Devices

Polymer Membranes

Twin Tower
Amine Packed Bed
Absorber / Stripper

Membrane Contactor
(Absorber)

Tower (Stripper)

Membrane
Permeator

Membrane Contactor
Absorber / Stripper

High Pressure Feed

Low Pressure Feed / High Temperature Desorption

Twin Tower
CA Packed Bed

Absorber / Stripper

Low Pressure Feed / Low Temperature Desorption

CarbozymeCarbozyme CO2Solution

Kvaerner TNO Commonplace

Natco
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Mass Transfer

Technology Background

• Keys to high efficiency mass transfer:
– High packing density
– Maximal interfacial contact
– No channeling
– No dead zones
– No foaming

• Mass Transfer Option Hierarchy
Structured Membranes

Membranes
Structured Packings

Random Packings
Trays

 Contact efficiency improvement
      Membranes = 10 X Trays

Efficiency
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Biomimetic Approach

As seen by the
Anatomist
Cardio-vascular /
Cardio-pulmonary
Systems
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Biomimetic Approach

As seen by the
Physiologist / Biochemist

A complex, integrated,
multisystem adaptive design

maintained in dynamic
equilibrium.

•Cardiopulmonary System

•Cardiovascular System

•Respiratory System

•Cell/Tissue Transport/Enzyme
Subsystems
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System Schematic
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HF Mat

FS; Radial
Countercurrent

FS; Countercurrent

SW HF; Countercurrent

Orthogonal SW;
Crosscurrent

Scale-up Factor shown: 504 X

Mass Transfer Permeator Module Designs

Technology Background
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Carbozyme Permeation Process

Membrane

CLM
CA CA
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CLM Species Distribution
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• Celgard X40-200 micro-
porous hollow fiber

• # of feed fibers = # of
sweep fibers

• nominal porosity = 30%
• Total membrane surface

area = 0.19 m2

• Effective membrane area =
0.076 m2

• No CLM pumping

In the simulation
kcat = 1E6 (s-1)

*

°

Experimental vs. Modeled Performance
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5-Day Permeate Gas Composition
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Pure  Gas vs. Combustion Products
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 Pre-pilot - HFCLM

Hollow Fiber Membrane Permeator 
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Features Benefits
Enzyme catalyzed rate promotion Rapid, low energy, specific CO2

reactions

Pressure Swing Absorption Low pressure, no temperature swings

Hollow fiber G-L-G design, contained
liquid membrane (CLM)

Efficient mass transfer, maximal surface
/ volume
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Reuse
Water
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6
Gas from
Pretreater

Sweep
Heater

Carbozyme
Permeator

Feed
Temperature
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System

Pump
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Drying Train
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Out
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Regulation

13.8%
3.5%

98.3%
95.1%

53.5%
12.6%

1.6%
0.4%

Process Engineering Design

L=1.3m
D=0.8m
ΔP=3.7kPa
Pi=70-1,000kPa
T=4-85°C
pCO2=air-40%
Res. Time=9sec

Materials
can be
plastic

Permeate vacuum
controls extraction

fraction
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Representation of Flue Gas CO2 Capture
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Natco - Sacrock, TX
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Commercial Application
Future Carbozyme CO2 Capture Skid

Source: Ontario Power Generation

Natco HF membrane high pressure
post-EOR CO2 capture facility. Daily
volume = 1/2 that of a 400MW coal
burning power plant.   Sacroc, Texas
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Part I: Summary
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Practical Considerations

Composition / Characteristics of the Exhaust (Feed) Gas Stream
• Acid gases

• NOx-derived acids
• SOx-derived acids
• Halide acids

• Divalent cations
•Hg++ 

• Particles

• Inlet temperature
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Integrated Environmental Control Model
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Most-Mined Coals in the U.S.
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EERC Conversion and Environmental
Process Simulator (CEPS)
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EERC’s Combustion and Environmental
Process Simulator

Ground
Floor

Second
Floor
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NETL Data Analysis

Total Cost $853M

Reference: Cost and Performances Baseline for Fossil Energy Plants, DOE/NETL, 2007.
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NETL Data Analysis

Total Cost $1,591M

Reference: Cost and Performances Baseline for Fossil Energy Plants, DOE/NETL, 2007.
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NETL Data Analysis
Table 10:  PC Capital Summary

No CO2 Capture With CO2 Capture

(Case 7C) (Case 7A)

Capital Cost Summary x $1000 x $1000

Coal and Sorbent Handling $15,822 $15,822

Coal and Sorbent Preparation and Feed $12,409 $12,409

Feedwater Systems $24,854 $24,854

PC Boiler and Accessories $109,564 $105,988

Flue Gas Cleanup $61,486 $61,486

Mercury Removal $0 $0

CO2 Removal and Compression $0 $110,516

Combustion Turbine/Generator and Accessories $0 $0

HRSG & Stack $20,544 $20,544

Steam Turbine Generator and Accessories $72,885 $72,885

Cooling Water System $19,584 $19,584

 Ash/Spent Sorbent Handling System $19,252 $19,252

Accessory Electric Plant $24,152 $24,152

Instrumentation & Controls $9,341 $9,341

Buildings & Structures $35,699 $33,695

Process Capital    $425,592 $530,528

Engineering Fees $25,536 $31,832

Process Contingency $0 $5,957

Project Contingency $65,296 $82,752

Allowable Funds Used During Construction $42,842 $52,929

Land Cost $512 $544

Inventory Capital $5,530 $6,316

Preproduction Costs $15,064 $18,379

Total Capital Requirement (TCR)    $580,372 $729,237

Levelized Capital Charge Factor (%) 14% 14%

Capacity Factor (%) 65% 65%

Capital c/kWh 3.09 4.37

Production c/kWh 2.04 2.64

Total c/kWh 5.13 7.01

$/ton CO2 Removed N/A N/A

$/ton CO2 Avoided N/A 24.81

Notes

References:
Updated Cost and Performance Estimates for Fossil Fuel Power Plants with CO2 Removal , EPRI, 2002.
Evaluation of Innovative Fossil Fuel Power Plants with CO2 Removal, EPRI, 2000.
CO2 Emitted @ 65% Op Factor

Tons/yr 2,245,430 223,303
Tons/kWhr 0.000853465 9.548E-05

Additional CZ capex $250M



   Carbozyme
       Solutions for Affordable Clean Energy™

38

NETL Data Analysis

Electricity cost increment $/kWh-net - Amine 0.00803 // CZ 0.006

Reference: Cost and Performances Baseline for Fossil Energy Plants, DOE/NETL, 2007.
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NETL Data Analysis

CZ COE - <15%

Reference: Cost and Performances Baseline for Fossil Energy Plants, DOE/NETL, 2007.
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CO2 Capture Technology Alternatives

Power CZ
Cold 

Ammonia
MEA

Gross Steam 

Turbine Power

Delivered Power w/o 

CO2 Recovery

Delivered Power 

with CO 2 Recovery
403 MW 360 MW 329 MW

Energy Burden 12.8% 22.1% 28.7%

EPRI Power Plant Model

498 MW

462 MW
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CCS Public-Private Partnership Formation

 Develop partnerships of
technology developers,
financial institutions, and
regulatory bodies to ensure
acceptance by marketplace

 Form multi-institutional teams,
understanding the needs of
multiple stakeholders to direct
the commercialization of new
technologies

 Explore commercialization of
promising CCS technologies
for both present and future
plants

Engineering
Firms

DOE
National

Laboratories
Investment

Firms

Carbozyme

OEMs &
Suppliers

Public Utility
Commissions

Utility
Companies
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CCS Commercialization Stakeholders

• Federal Stakeholders –to provide the overarching federal policy commitments and
funding vehicles to acceleration of deployment of CCS projects.

• NETL/Other Technology Sources –   clearly critical to the future development and
commercialization of CCS technologies.

• State Stakeholders –to develop the regulatory framework and provide ratepayer
funding to create necessary incentives.

• End users/Utility Companies –to collaborate with PUCs to determine the
appropriate degree of involvement in the RD&D process.

• Environmental Groups – critical to gaining public acceptance of Geologic Carbon
Sequestration as a safe and viable climate change mitigation tool.

• Insurance Companies –to be engaged in the process in an effort to begin to model
the risk associated with sequestration.

• Financial Institutions – with the alignment of groups I through VI, should be willing
to provide funding to CCS projects that have Federal and State policies and funding
support.
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Project Team Members

 

Project Team
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The Carbozyme Benefit

Questions?


